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trike a bell, and the bell rings at it resonance
mexdes, Strike it harder and the bell rings at the
same tone, only louder. Now imagine a small
crack in the bell, perhaps invisible 10 the eye.
W strike the bell gently and it rings normally.
Suiking it harder we find, to our surprise, that the
tone drops in frequency ever so slightly. Suiking it
even harder, the one drops even futher dosm in fre-
quency. This frequency shift is a manifesmtion of
nomlinearity due 1o the resence of the cmck,

Fignire 1 llustrates how the bell responds clastical-
ly lingarly when undamaged, but elastically nonlin-
early when damaged. The bell behaves in an expect-
edd manner when intact, figure la - ringing the bell

Wave frequencies pressnl
A404R000 Hz in a limear response

input speaker Inpst i i

&0o0

2000
Frequency

Wave frequencies present
A40+8000 Hz in a linear response

nput speaksr

{ A Input | ;
listering | |
paker ! :}. 440 y /000
\ Frequency
|
e ]
i i ouiput | e shfekrands
Ouiput af listening speaker inchudes frequeancies at | i | |
[{440+8000) + 820 +1320 + 1740 A
+ 16000 + 24000 + 32000 440 8000
Fraguency

| + 1760 + 3440 + .

| Hz

Iave called this method
nomlinear resonant ultra-
sound spectroscopy

Freguency

{NRUSY, a subser of non-
linear elastic wave spectroscopy (NEWS)

This example is mken a step further in figure 2 for
the sake of illustmting additional manifestations of
nonlinearty. For instance, we input 440Hz and
2000y into the undamaged bell using an audio
speaker (these are arhitrarily chosen [reguencies and
are not crucial 1o the general result), Not suprisingly,
the hell will ring at the e input frequencies, figure
2. IF we input the two tones into e bell when a
small crack is present, interesting things happen
again. We find that, not only does the bell ring ar
440 Hz and 8000 He, but ather frequencies abound,
figure 2h. We also detect harmonics ar mwo times,
three tines and four tmes each input frequency (880,
1320, and 1740 Hz; and 16000, 24000, and 32000 He,
respectively), In addition. we detect the sum and dif-
lerence frequencies between the 440 and 8000 Hz, or
siclebands, of 80002440 He, This method is known as
ponlinear wave modulation  spectrscopy (NWMS)
another subset of NEWS.

The nonlinearity due 0 the presence ol one or
more cracks is an extremely sensitive indicator of the
presence of damage. The undamaged ponion of the
sample produces nearly zero nonlinear elfect. The
damagped portion of the materal acts as a nonlinear
mixer (multiplier). It is a localised effect. Using a fre-
uency spectrum analysis, we can easily tell the dif
ference between an undamaged and damaged obyject,
In fact, 1 am nof aware of 4 mone sensitive, more
rpicl, easy -to-apply method for detecting and exam-
ining material damage,

In our studies we have found that the nonlinear
response of a sample provides a quick, qualitative test
of passifail in numerows metal components such as
alternator howsings, engine hearing  caps, vanous
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gears,  Plexiglas, slates,
WELPONS
cbarmage is localised, However, the elas-
tic nonlinear response is also useful in
examining the physical ste of volo-
rerrically diamaged materials, such as
concrete, rock core and other porous
rmaterials (including the effecs of fuid
spturation) and is being applied to
characterise dislocations in metals, and
to sudy progressive damage in these

synthetic
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miaterials. Some of the materials thae
wis have tested are shown in figure 3.

The general concept of nonlinear
mesoscopie elasticity, can be stated as
follows — as a material fatigues o is
damaged, dislocations, cracks and
flaws may be inroduced, resulting in a significant
change in the material nonlinear elastic wave hehav-
iour, This behaviour is manifest in two primary man-
ners when sound s applied to the object. Firstly,
under resonance conditions Csuch as the bell), the res-
crance tone changes as the applicd volume s
under resonance,  continuous
wive, of pulse-wave excitation, frequency-mixing

increased. Second,
spectral companents such as wave harmonics appoir
These effects ane enormaous in damaged materal but
nearly unmeasurable in undamaged materdals, They
are the signatures of damage, Linear methods in
acoustical nondestrctive resting rely on either retlect

edd wave energy from a crack, wave speed changes
and/or amplitude changes. None of these linear wave
characteristics 15 as sensitive as the nonlinear response
of the material,

In valumetrically damaged marenals, micro-leatures
such as dislocatnons are responsible for the nonlinear
behaviour, 1t s interesting that volumetric and looal
damage over several onders of magnitude in scale
(=10r"=100"y, provide very similar nonlinear chamcter.
istics, That is, there are close similasities between the
nenlinear response from the presence of dislocations
i a sample and a single macrocrack in a sample. The
similarities are currendy under intense soruting in
order o determine why this is so. Figure 4 illustrates
the type of feawres, large and small, that lead 1o a
large nonlinear wave response under wave excitation,
Dislocations in Type 2 diamend and sapphire, a sin
gle cruck in o cemmic (harium magnesium silicate
doped with borosilicate glass), a crack in sandstone,
a connecting rod, 2 bearing cap, and concrete all lead
o very similar nonlinear wave behaviours

As g practical example we show wave miking
experiments in undamaged and damaged automohbile
engine bearing caps used o discern whether or not
damage is present. In these tests, one high lrequency
wave and several low frequency waves were used
simuliarecusly @ input. Thus we would expect mix-
ing of all waves with each other, leading 10 the ore-
atien of many hamonics and sidebands when dam-
age is present. Figure S and 3b show the frequency
witve spectrum of the undanaged and damaged sam-
ples, respectively, only arcund the sideband frequen-
cies, The damaged sample is one of those shown in
figure 4, It contains a crack several millimetres decp
and approximately a centimerre long, Multiple fre-
quencies were input into the sample simulansously
in continuous-wave made, creating many sidebands,
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The: sample in fgure 3h cleary failed the pass/fail
lest. Naote that we ohserved no change in linear
wavespeed or wave dissipation between the two
sarmples, despite the fact that the nonlinear response
is very different.

WEWS s ideal for monitoring progressive damage
in matenals as well, Figure 6 illustrates such a test A
plasic rod, fxed at one end and free ar the ather, was
shaken ar its fixed end in shear until falore {indicae
ed by the x=axis, or number of shear cyeles). The lin-
ear and nonlinear behaviour was monirored at each
step, and the normalised response of cach is plotted
on e y-axis, We see that the linear responses Cin this
case wave dissipation in Blue and wavespeed in red)
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Figure 5

Freguency spectra from
wave modilation tests
of undamaged and
damaged enging bearing
caps. The inset {tap left)
iliustrates a full
spectrum; the boxed
area within the insst
illustrates the sideband
portion of the spectrums
shown

Figure 6

Frogressive damage in a
plastic, comparing the
mardinear to the linear
response (cowtesy of

are relatvely insensitive o induced damage until just
before the sample fails. The nonlinear response s
affected early on in the damage process, and
hecomes enormous very quickly, 1t is clear from the
figure that nonlinear means are far supenior to lincar
means in progressive damuge cletection.

We have not mentioned other, extremely interest-
ing, andl complex nonlinear effecss such as the slow
dyvnamical response often ohseved. Nor have we
ackdressed the very different nature of the nonlinean-
ty described here compared with thar of clissical
media (water, gas, intact materals), which have a
much smaller nonlinear response and one which ans-
es from atemic anharmonicity as opposed 1o the pres-
ence of damage. Nor have we mentioned the elabo-
rate theory developed by Guyer and McCall for pre-
clicting the hehaviours dlusorared here. The topics jus!
mentioned can be found in the sugeesied fuither
reacing section,

The instantanecus nonlinear response described
here will obviously be of grean interest 1o the non

destructive  testing  conumunity,  We are currenily

Pater Nagy)  developing a methed that will not only diagnose
—— tlamage, but also locake
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sty aned early detection and the progression of dam-
age. There are potentially 2 huge number of applica-
tiins with encrmous economic and salery impact that
will evelve from nonlinear applications. Applications
anel spin-off research have and will affect a broad car
cpory of problems, from aiding design in eathquake
pesistant structures, 1o climinating bad components
Fabricated on an assembly line, o monitoring long
lerm aging in infastructure, Futher, application to
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structures alter an earhauake may well provide valu-
able information regarding damage 1o that structure.

Wi also believe that application of noolinear
methods, s one and others, will revoluionise
nondestructive testing by providing a sensitivity 1o
damage never before imagined, Moreover, the work
may well aid the development of better, longer last-
ing concrete, the foundation of all building mareri-
als, We anticipate thar within 10 vears nonlinesr
methods may be routinely used in appheations as
diverse as quality contral in manufacturing process-
s, quality contral of concrete curing, monitoring
reactor containment walls for damage, inspecting air-
craft and spacecraft for damage, ohserving farigue
damage in buildings, bridges, wnnels, gas and ol
pipe lines,
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